Abstract-The present paper presents the enhancement of the sensorless field oriented control by using the measured terminal voltages instead of the calculated ones in the fundamental wave models. The system under consideration consist of a threephase induction machine, a two-level voltage source inverter (VSI) equipped with silicon carbide (SiC)-switches and an output filter providing almost sinusoidal output voltages and currents. The objective of this work is twofold, on one side it is expected that the range of operation of the classical sensorless schemes and of the model reference adaptive system (MRAS) can be extended by using the measured voltages instead of the reconstructed ones. In addition, the use of the natural field orientation (NFO) as a reference model in a MRAS control scheme in order to extend the range of operation of the sensorless speed control is examined.
INTRODUCTION
As optical high resolution encoders are sensitive to the influences of the environmental conditions, like, mechanical shock and vibrations, dust and temperature, they are prone to failure and reduce the reliability of a motor drive. Optical encoders also demand additional cabling and suitable interfaces [1] . Thus, extensive research in the last decades has led to several techniques pertaining the operation of a drive without the utilization of mechanical encoders attached to the shaft. The so called 'speed-sensorless' or encoder-less control schemes have been enhanced by different research groups in academia and industry to achieve a behavior with high dynamic and good performance for standard electrical machines [2] - [13] . A description of the state of the art and the classification of different approaches can be found in [14] .
The present work focuses on the fundamental wave models. It is well-known that sensorless control of the induction machines can be achieved based on this set of equations and that the rotor flux space phasor can be obtained by means of integration of the stator voltage space phasor taking into account the voltage drop on the stator resistance. Unfortunately, this method fails at low stator frequencies, and therefore the sensorless operation is only possible at medium or high speed, i.e. a minimum stator frequency is necessary for the sensorless operation. For the implementation of this so-called voltage model for the estimation of the orientation angle, the voltages on the terminals of the machines are usually not measured. As a substitute they are reconstructed from their reference values, which are calculated by the controller. In this case, the imperfections and nonlinearity of the inverter have a negative impact on the modelling and have to be corrected accordingly.
Inverter equipped with the SiC switches, that are today commercially available, can be operated at higher switching frequencies and therefore many research groups have been working with such systems aiming better performance, a higher efficiency and some featuring sinusoidal output voltages [15] - [19] . The objective of the current research work is to obtain smooth terminal voltages -that can be easily measured-in order to enhance the classical voltage model. It is evident that this proposal implies the substitution of the encoder by a voltage measurement, nevertheless it is expected that by using modern galvanic isolation amplifiers the effort in cabling and implementation can be kept moderate. In addition, it will be shown that the enhanced voltage model or the natural field orientation (NFO) can be used in the model reference adaptive system (MRAS) yielding a remarkable good behavior of the drive. Nevertheless, questions regarding the parameter sensitivity of the proposal are still open.
II. SIC INVERTER AND SINUS FILTER

A. Silicon Carbide MOSFET Based Inverter
Conventional Si-MOSFETs or Si-IGBTs are today the most widely used semiconductor switches in inverters. Si-MOSFETs exhibits switching frequency from ten to hundreds of kilohertz. However, they have a disadvantage associated with the high on-resistance, which rapidly increases with the rated blocking voltage. Si-MOSFETs featuring blocking voltage of 600V, 1200V are costly and have a limited availability. Currently, SiC-MOSFETs are available with blocking voltages of 1200V and on-resistance of 80 mΩ compared to on-resistance up to 1000 mΩ of Si-MOSFETs. They are ideal for applications like voltage source inverter [20] .
The SiC-MOSFET module selected in this work for the two-level inverter to be used in the experimental setup is a SixPack (three-phase) Module 1,2kV/20A. It was chosen based on its suitability in fulfilling the design characteristics required and specified for this project. 978-1-5386-8257-9/18/$31.00 ©2018 IEEE
B. Topology of the Inverter Output Filter
The installation of small LC filters between a fast switching-type inverter and a three-phase induction machine has some advantages. For example, they protect the motor winding insulation against dv/dt as well as voltage spikes and reduces other undesired effects [21] . In the present work, a LC-filter with the topology depicted in Fig. 1 was designed with the purpose of obtaining sinusoidal voltages on the machine.
III. MODEL REFERENCE ADAPTIVE SYSTEM
A model reference adaptive system is based on the error between variables delivered by different models that are fed by data obtained from measurements in the considered system. Thus, this method uses two models. The first one is the reference model, which is derived from equations that do not contain the variable that needs to be estimated. The second model is the adaptive one, which follows the reference model and contains the variable to be identified. In the case of induction machine,  , the mechanical speed of the rotor is considered as the variable to be estimated. As shown in Fig. 2 , the error between the output of the reference model and of the adaptive model is used as the input of an adaptation algorithm that provides the estimate of the rotor speed [22] . 
The error can be calculated as:
 can be considered to be proportional to the angular deviation between A [y ]  and R [y ] , thus it can be used for the adaption of the model. In the present case, a linear PI controller is used to correct the error between the reference model and the adaptive model to zero. If,  , the speed of the induction machine is the variable to be compensated in the adaptive model, the following equation can be used [22] :
where:   is the estimated speed, p i K and K are the proportional and integral gains of the PI controller and s is the Laplace variable. From (1) and (2) follows in the time domain for the estimated speed:
The estimated speed   is changed until the error  becomes zero, or y .y y .y
The speed estimation and the system stability strongly depend on the selection of the PI parameters and on the adaptation algorithm.
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Basic structure of an adaptive control
A. Current Model
The current model utilized in the MRAS is the well-known, classical one that is derived from the rotor voltage equation and is depicted in Fig. 3 . In this model 1 i  and 1 i  are the components of the stator current space phasor in the stationary reference frame, 1d i and 1q i are the corresponding ones in field oriented coordinates, 2 '  is the rotor flux space phasor, 2 '  is the rotor time constant, 2  is the angular position of the rotor flux space phasor, 2 i '  is the magnetizing current, 1h L is the main inductance of the machine and  is the angular position of the rotor. i  the components of the stator current space phasor,  is the total stray factor and 1 R the stator resistance. In the present work, this structure with the measured voltages is called enhanced voltage model (EUM), whereas the model which is fed with the reconstructed voltages is designated as the standard voltage model (SUM).
C. MRAS with Voltage and Current Model
In the MRAS implemented in this work (Fig. 5) , the classical current model is used as the adaptive one since it contains the speed as a state variable. Regarding the reference model, different models are examined, including an enhanced voltage model and a natural field orientation (NFO).
The outputs of the voltage model in the MRAS scheme are the two components ' and '
In the same manner, an error
is proportional to the angular displacement between the flux space phasors of the two models.
D. Natural Field Orientation
In addition to the enhancement of the voltage model for the estimation of the rotor flux, this work examines the so-called Natural Field Orientation (NFO) under the same conditions of the enhanced voltage model. The NFO control scheme was introduced several years ago by Ranger Jönsson [23] [24] . The idea behind the NFO is that the stator flux space phasor is lagging 90° to the induced stator voltage space phasor. With an assumption that the magnitude of the stator flux is constant, the position of the stator and of the rotor flux space phasor can be calculated [26] [27] [28] .
For the standard NFO, the reference values of the stator voltages can be used to calculate the angular velocity of the stator flux space phasor and its integration delivers the position of the stator flux space phasor. The NFO can be described by using the complex voltage equation of the induction machine in d,q-coordinates [29] :
herein is 2 '  , the magnitude of the rotor flux space phasor, 1 L the stator inductance, 2  and  the rotor leakage coefficient and the total leakage respectively, and 2  the angular position of the rotor flux space phasor related to the α-axis.
Fig. 5 Block diagram of the MRAS when using voltage and current models
Besides, the rotor voltage equation in d,q-coordinates can be written as:
2 '  , the magnitude of the rotor flux can be obtained by using the equation:
with h L the main inductance of the machine and 2 2 2 L / R   the rotor time constant.
If the terms in (4) containing 2 '  are considered to correspond to the induced voltage i u , it can be written:
By neglecting 2 d ' / dt  and  follows from (4) and (7) an approximate equation for 2   (Fig. 6 ):
Hence the position of the rotor flux space phasor can be computed as:
The mechanical angular velocity     can be calculated by combining (5) with (8) 
The NFO scheme also uses the stator voltages for the calculation of the induced voltages and thus for obtaining the rotor flux space phasor. Again this work also examines the possible enhancement of this scheme, if the measured terminal voltages are used instead of the reconstructed ones.
NFO scheme by for the calculation 2  and   [29] E. MRAS When Using NFO and the Current Model Instead of the standard or enhanced voltage model, the natural field orientation (NFO) can also be used in a MRAS scheme. Fig. 7 shows the block diagram of the MRAS when the natural field orientation model is utilized as a reference.
Block diagram of the MRAS when using NFO and current models Fig.8 shows the structure of the experimental setup. It consists of a three-phase 7.5 kW induction machine fed by an inverter equipped with SiC MOSFETs, while the load machine is driven by a commercial drive. The control algorithm was implemented on an electronic platform that uses a 320F28335-DSP as core.
IV. EXPERIMENTAL RESULTS
A. Experimental set-up
B. SiC Inverter
A conventional two-level voltage source inverter equipped with SiC-MOSFETs was designed for the experimental set-up.
One of the important issues to be considered in the design of the inverter is the selection of the power semiconductor switches. After some experiments with silicon carbide JFETS, they were discarded due to some technical limitations but especially due to the fact that the series of switches was discontinued by the manufacturer and there were no spares. Eventually, a SiC MOSFET 1,2kV/20A module from CREE was selected due to their suitability in dealing with the required design characteristics that are specified in Table I . 
C. Measurements
For the assessment of the MRAS sensorless control scheme proposed in this paper, several different measurements were carried out on the experimental set-up described above. In the following the most representative results of all experiments are shown.
First, the operation in the steady state of the drive was tested with different reference models. The induction machine was in speed control mode while the load machine was set to torque control mode. The speed of the induction machine was progressively reduced from 500 min -1 down to zero. Two different values of load were applied, low load at
. The average error n  between the measured speed and the identified speed was determined in the experiments. The measurements were repeated for the four different models as a reference in the MRAS scheme: the standard voltage model that uses the reconstructed values of the stator voltages (SUM), the enhanced one with measured voltages on the terminals of the machine (EUM), the natural field orientation with reconstructed voltages (NFO) and the enhanced one with measured voltages (ENFO). Fig. 9 and Fig. 10 show the experimental results for the case of low load and high load, respectively. It can be clearly seen that the enhanced natural field orientation (ENFO Model) features the best behavior in the test, when it is used as a reference model, especially in the low speed range. In a further series of experiments, a speed profile was defined as depicted in Fig. 11 . It consists of two ramps for acceleration up to 300 min -1 and down to zero. The profile exhibits two periods of constant velocity: zero and 300 min -1 . This kind of speed profile represents the operation of a lift. Especially important is the zero velocity period, which is the most demanding in sensorless control.
Again the experiments were carried out by using the different reference models like in the former case. They show the behavior of the MRAS by using different reference models with and without measurement of the terminal voltages. In Fig.  12 the response to the lift profile with the standard voltage model, i.e. with reconstruction of the terminal voltages, is shown. It can be seen that the operation at zero speed is not satisfactory and can only be kept for a short time Δt = 500 ms. The same measurement but using the EUM and illustrated in Fig. 13 shows that period of zero speed can be increased up to Δt = 1.2 s. Thus, an enhancement of the system is obtained.
Similar experiments were performed by using the NFO as reference model. As it is shown in Fig. 14 , in this case the behavior is also not satisfactory and only a maximum Δt = 50 ms could be achieved. If the Δt is increased, the drives cannot follow the reference anymore as it is shown in Fig. 15 . On the contrary as it is depicted in Fig. 16 , the MRAS with NFO as reference model and by enhancing it with the measurement of the terminal voltages to an ENFO delivers a satisfactory behavior, the drive follows the reference value of the speed even in the long zero periods for more than 10 s. Reference speed profile for testing the encoder-less MRAS scheme in the different variants As shown in Fig. 17 the zero phase of the speed profile the machine is not really in standstill, moreover it rotates with a very low velocity corresponding to the slip frequency that is necessary to produce the desired toque accordingly the space phasor of the stator currents is in standstill like in the case of a dc-brake as depicted in Fig. 18 . It is remarkable that the drive can be operated without any problem and any loss of stability for long phases Δt of zero reference speed. The drive can be braked to the lowest speed and accelerated according to the profile without any kind of limitation. In a practical application during the phase of lower speed the machine could be held with a mechanical brake until it is accelerated again since as shown in Fig. 19 and Fig. 20 the zero load phase does not represent any problem for the control of the drive.
V. CONCLUSIONS
This work presents a SiC inverter with an output filter for feeding an induction machine. The aim of the work is to obtain sinusoidal voltages on the terminals of the machine in a way that the terminal voltages can be easily measured and used for feeding the voltage model that estimates the rotor flux space phasor in field oriented control schemes. It is shown that by using the measured terminal voltages instead of the reconstructed ones, as it is usual today in industrial implementations, an enhancement of the sensorless control schemes can be achieved. In addition the proposal presented in the literature many years ago called "natural field orientation" NFO is combined with a model reference adaptive system (MRAS) control scheme. The experimental results of measurements carried out on a laboratory setup confirm that the proposed control scheme exhibits a good steady state and dynamic behavior.
